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ABSTRACT 
This paper discusses dynamics of large membrane for 
achieving spinning solar sail-craft proposed by the Institute of 
Space and Astronautical Science (ISAS), Japan Aerospace 
Exploration Agency (JAXA). For comprehending the 
dynamics, firstly, two types of grand-scale experiments were 
conducted. One was an ice rink experiment. The other was a 
balloon experiment. In the both experiments, we succeeded in 
deploying 10m and 20m diameter membrane and observing the 
motion. Secondly, we constructed a numerical model using a 
multi-particle method, and numerical simulations were 
conducted. We drew a comparison between results of 
experiments and numerical simulations. The effectively of the 
multi-particle model was then indicated in this paper. 
INTRODUCTION 
Solar Sail-craft is a spacecraft with a large membrane to 
get momentum of photons from the Sun. Because a solar 
radiation pressure is very small, the spacecraft needs to deploy 
large membrane to get enough propulsion. For achieving the 
spacecraft, methods for deploying membrane, which is very 
flexible element, and maintaining its shape are key 
technologies [3]. Some types of solar sail-craft proposed by 
USA, Europe and Russia utilize a mast or an inflatable 
structure to deploy and maintain the membrane. On another 
front, the Institute of Space and Astronautical Science (ISAS), 
Japan Aerospace Exploration Agency (JAXA) proposes rom: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of spinning solar sail-craft, which has no supporting structure for 
membrane such as a mast or a tube and only uses centrifugal 
force to deploy and maintain the membrane [1][2]. Advantages 
of the type of the solar sail-craft are that the weight of the 
spacecraft can be reduced and larger size of membrane can be 
deployed [5][7][8]. However, it is important to understand 
dynamics of the membrane and control its behavior to realize 
the solar sail-craft. For the purpose of comprehending 
dynamics of the large membrane, ISAS/JAXA conducted two 
types of experiments. One is experiment on ice rink, and the 
other is experiment using a flying balloon [6]. Numerical 
simulations were also conducted to draw a comparison between 
results of experiments and numerical simulations. This paper 
will show the details of the experiments and numerical 
simulations, and discuss the behavior of the membrane. 
SPINNING SOLAR SAIL 
Figure 1 shows solar sail mission to explore Jupiter 
proposed by ISAS/JAXA. Two types of spinning sail shapes 
are examined in ISAS/JAXA as shown in Fig.2. One is a fan 
type sail shape and the other is a clover type sail shape. In this 
research, a square type membrane, which consists of four 
triangle parts as shown in Fig.3, is treated. The square type 
membrane is a center part of the clover type membrane. The 
sequence of deployment of the square type membrane consists 
of two stages as shown in Fig.4. Figure 5 shows the first stage 
deployment. Figure 5 (1) shows folded configuration. Each 1 Copyright © 2007 by ASME 
Use: http://www.asme.org/about-asme/terms-of-use
petal is line-shaped, and rolled up. In the step of Fig.5 (2), 
rolled petals are extracted like a Yo-Yo de-spinner. In Fig.5 (3), 
the cross-shape is maintained because the root is constrained. 
Figure 6 indicates the second stage deployment. In Fig.6 (4), 
the constraint is released to start the second state deployment. 
In Fig.6 (5), deployment is complete. 
 
 







   (a) Fan Type            (b) Clover Type 
Fig.2 Two Type of Spinning Solar Sail 
 
 








Fig.4 Deployment Sequence 
 
(1) (2) (3)  
Fig.5 First Stage Deployment 
 
 
Fig.6 Second Stage Deployment  
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ISAS/JAXA conducted two types of experiments of large 
dimensions to acquire motion data and technical findings about 
large membrane deployment. One is experiment on an indoor 
ice rink. Thought the membrane was affected by air drags, we 
could conduct many experiments on the ice rink. The other is 
experiment using a flying balloon. In this experiment, 
membrane deployment was conducted at 37km altitude, where 
air drag is 1/200 against the ground condition. In the following 
parts, details of experiment system and results of the 
experiments are explained. 
Experiment System 
Deployment mechanism is equipped on a drum structure. 
The shape of the drum is octagonal cylinder which height is 
640mm. Distance between center and each pillar is 870mm. 4 
stoppers are placed around the drum structure. Distance 
between center and each stopper is 920mm. Figure 7 shows the 





Fig.7 Drum and Stopper 
 
Membrane is rolled around the drum structure. For the 
experiment, the membrane is made of Polyethylene 
Terephthalate (PET) film, whereas the membrane is made of 
polyimide film for the real flight. The shape of deployed 
membrane is square as shown in fig.8. There are folding lines 
on the membrane. 4 tether lines are wriggled on the membrane 
for controlling deployment speed. There are tip masses on the 4 







Fig.8 Membrane design 
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DowFigure 9 (a) shows outline of the first stage deployment of 
the experiment system. The membrane which is initially rolled 
up around the drum receives centrifugal force to be deployed. 
However, stoppers restrain the deployment. When the drum and 
the stoppers rotate relatively, membrane deploys statically and 
finally forms a cross-shape. After the first stage deployment is 
finished, stoppers are released, and the second stage 
deployment begins. The tethers are veered out to promote the 
deployment statically. Finally the cross-shape is transformed 
















 (b) Second stage deployment 
Fig. 9 Mechanisms for static deployment 
Ice Rink Experiment 
The ground experiment on an ice rink is planed in order to 
verify the sequences and mechanisms for static first and second 













Fig. 10 Outline of ice rink experiment 
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membrane of diameter 10m was deployed statically. Although 
the motions of four petals are independent of one another at the 
first stage, they are developed similarly. Four petals were 
spread evenly. By the torsion angle ψ , the air drag coefficient 
was estimated: 02.0=dC . 
    These results show that these sequence and mechanisms 





Second Stage  
Fig.11 Results of ice rink experiment 
Balloon Experiment 
Figure 12 shows the deployment system. It consists of a 
gondola and a drum. The thrusters on the gondola spin the 
system to deploy the membrane rolled up around the drum. The 
membrane is a square of diameter 20m. The experiment system 
is hanged on the balloon whose volume is 200000m3 as shown 
in Fig. 13. The experiment is performed at the altitude of 37km 









Fig.12 Balloon Experiment System 
 
















Fig.13 Balloon  
 
Figure 14 shows the images of the top camera. In the first 
stage deployment, the cross shape was maintained as shown in 
Fig.14 (a). After stoppers were released, the membrane was 
deployed statically. This is the first achievement. The size of 
the membrane is the largest in the world. 
 
 
(a) First Stage Deployment 
 
(b) Second Stage Deployment 
Fig.14 Results of Balloon Experiment 
 
NUMERICAL SIMULATION 
As indicated above, two types of experiments were 
conducted, and the large membrane deployment was successful 
in the both experiments. In this section, a numerical model is 
firstly constructed. Then numerical simulations are conducted 
to draw a comparison between results of experiments and 
numerical simulations. We also discuss validity of the 
numerical model.  
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Several studies have been made on numerical modeling of 
membrane. In these studies, a finite element method (FEM) is 
commonly used. However FEM analysis of membrane usually 
spends much computational cost. Therefore, it is difficult to 
apply FEM for analyzing dynamics of membrane of this 
research because we need conducting comparatively long-term 
time span simulation. In this research, we use a multi-particle 
model. In the model, membrane is expressed by multi particles, 
which are connected each other with springs and dumpers as 
shown in fig.15. When the multi particle model is applied, we 
don’t have to consider attitude of a membrane element, and we 
can easily obtain equations of motion. 
 
 
Fig.15 Multi Particle Model 
 









                 (1) 
Where, E  is Young's modulus, h  is thickness of 
membrane and ν  is Poisson's ratio, respectively. In this 
research, ν  is 0.3 and k  is 500, which is calculated from 
solid state properties of PET membrane. 
In this research, we construct two models. One is the 
model used during the first stage deployment. The other is the 
model used during the second stage deployment. The model for 
the first stage deployment is expressed in fig.16. In the first 
stage, the membrane forms a cross-shape. Figure 16 shows one 
petal of the cross-shape. The model consists of 56 particles 
connected with springs and dumpers. In the second stage 
deployment, the membrane consists of four trapezoid parts. 
Therefore we construct a model for the trapezoid shape, which 
consists of 78 particles, as shown in fig.17. 
An equation of motion for mass i  is described in the 
following.  
               
,i i i j i
j
m = +∑q T C             (2) 
where, iC  shows contact force between concentrated mass i  
and center body, 
ijT  shows tension between concentrated mass  




Fig.16 Model for First Stage Deployment 
 
(a) Before Deployment 
 
(b) After Deployment 
Fig.17 Model for Second Stage Deployment 
 
Numerical Simulation for Ice Rink Experiment 
Firstly, the first stage deployment is considered. Table 1 
shows parameters of the numerical simulation. Simulation time 
is set as 20sec before deployment, 140sec during deployment 
and 20sec after deployment. Friction force only acts on the tip 
masses. When v  means velocity vector of the tip mass on the 
ice surface, the force is expressed by the following equation. 
                   
f mgμ= − ⋅F v v                (3) 
Here, μ  is equal to 0.03, which is derived from the 
experiments. Air drag is also considered, which acts 
perpendicular to the triangle plane consisted by three particles. 
When S  means normal vector of the triangle plane and U  
means velocity vector of the plane, effective area S  of air 
drag is expressed in the following equation. 
                     1
2
S ⋅= ⋅ S U
U
                (4) 
Air drag is calculated using the following relationship.  
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2air d
C Sρ= − ⋅F U            (5) 
 
Table 1 Parameters of 1st stage deployment 
Simulation Time 180sec
Petal Length 2.125m
Angular Velocity of Drum　ω 0.18Hz
Tip Mass m 10.0kg
Coefficient of Drag Cd 0.0, 0.5, 1.0, 2.0
Coefficient of Friction　μ 0.03
Air Density ρ 1.29kg/㎥  
 
Figure 19 shows phase delay angle ψ  for each coefficient of 
drag. The angle ψ  is defined in fig.18. From graphs of fig.19, 
it is clear that the membrane has constant vibration. This 
vibration is characteristic to the system which has membrane 
equipped with tip masses, and has no relationship with 












Fig.18 Definition of Phase Delay Angle 
 
 
Fig.19 Phase Delay Angle of 1st Stage Deployment 
 
Comparison of the numerical simulation with the ice rink 
experiment is shown in fig.20. The membrane shape of the 
numerical simulation is similar to the experiment during time 0 
– 60sec. However, the numerical simulation cannot express 5 Copyright © 2007 by ASME 
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Downprotruding membrane during time 80 – 140sec as shown in 
fig.20(b). 
   
(a) Time 0-60sec 
 
(b) Time 80-140sec 
Fig.20 Comparison of numerical simulation with the 
ice rink experiment (1st stage deployment) 
 
Secondly, the second stage deployment is considered. 
Table 2 shows parameters of the numerical simulation. 
Simulation time is set as 20sec before deployment, 90sec  
loaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms oduring deployment and 20sec after deployment. Coefficient of 
drag is 0.7 acquired from the experiment. 
 
Table 2 Parameters of 2nd stage deployment 
Simulation Time 130sec
Membran Size 10m (diagonal line)
Angular Velocity of Drum　ω 0.18Hz
Tip Mass　m 10.0kg
Coefficient of Drag　Cd 0.7
Coefficient of Friction　μ 0.03
Air Density　ρ 1.29kg/㎥  
Figure 21 shows phase delay angleψ . During the second stage 
deployment, the amplitude of the vibration is larger than that of 
the first stage deployment. This amplitude seems to relate tip 
mass. In the ice rink experiment, top mass is heavy. Therefore 
the amplitude seems to be large. 
 
Fig.21 Phase Delay Angle of 2nd Stage Deployment 
 
Comparison of the numerical simulation with ice rink 
experiment is shown in fig.22. The results of the numerical 
simulation are almost similar to the results of the experiment.  
 




Fig.22 Comparison of numerical simulation with the 
ice rink experiment (2nd stage deployment) 
Numerical Simulation for Balloon Experiment 
In the balloon experiment, the second stage deployment is 
considered. Air drag is small at 37km altitude. Therefore the tip 
mass is 1.5kg, which is enough to get centrifugal force and 
conduct deployment. Parameters of the numerical simulation 
are shown in table 3. Simulation time is set as 20sec before 
deployment, 180sec during deployment and 20sec after 
deployment. Angular velocity of the dram is changed at 130sec, 
which is the same condition as the balloon experiment. 
Coefficient of drag is equal to 0.7 acquired from the 
experiment. 
 
Table 3 Parameters of 2nd stage deployment 
Simulation Time 220sec
Membran Size 20m (diagonal line)
Angular Velocity of Drum　ω 0.3125Hz→0.3750Hz
Tip Mass　m 1.5kg
Coefficient of Drag　Cd 0.7
Coefficient of Friction　μ 0.03
Air Density　ρ 6.2355×10^-3kg/㎥  
Comparison of the numerical simulation with the balloon 
experiment is shown in fig.23. Until 120sec the results of the 
numerical simulation are almost similar to the results of the 
experiment. However, after 150sec (angular velocity of the 
drum is changed at 130sec), the shape of the numerical 
simulation differs from the shape of the experiment. The 
numerical model of this research doesn’t consider bending 
moment, therefore the different is occurred.  
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Fig.23 Comparison of numerical simulation with the 
balloon experiment (2nd stage deployment) 
 
Figure 24 shows phase delay angle ψ . In the ice rink 
experiment the angle is very large as shown in fig.21 On the 
other hand, in the balloon experiment, the angle is smaller 
because tip mass is smaller than the ice rink experiment. 7 Copyright © 2007 by ASME 
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Fig.24 Phase Delay Angle of Balloon Experiment 
CONCLUSIONS 
This paper discussed dynamics of large membrane for 
achieving spinning solar sail-craft proposed by ISAS/JAXA, 
which has no supporting structure for membrane such as a mast 
or a tube and only uses centrifugal force to deploy and maintain 
the membrane. Results of two grand-scale experiments and 
numerical simulations are considered to comprehend the 
dynamics of the large membrane. In the ice rink experiment, we 
succeeded in deploying 10 m diameter membrane and 
observing the motion. We also confirmed that it is impossible 
to deploy more than 10m diameter membrane on the ground 
experiment because of air drag effect. In the balloon 
experiment, we succeeded in deploying 20 m diameter 
membrane and observing the motion. The size of the membrane 
is the largest in the world. In the both experiments, vibration of 
phase delay angle is occurred. It is important to establish a 
method for controlling the vibration. In the numerical 
simulation, a multi-particle model is applied to analyze 
dynamics of the large membrane. Although the model is simple, 
it can express the dynamics of the membrane in a large sense. 
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